Engineered Cementitious Composite (ECC) is known for multiple cracking and strain hardening property when loaded in tension. To incorporate this superior property in the design of structural elements, it is mandatory to develop design oriented stress-strain models considering the tensile strain hardening property. In the present study, stress-strain models are developed for both tension and compression using the empirical values available in literature. An analytical study has been conducted on the flexural response of Fiber Reinforced Polymer (FRP) reinforced ECC beams to understand the robustness of the developed stress-strain models. For this purpose, a special purpose non-linear computer program is developed based on force equilibrium and strain compatibility conditions to predict the ultimate load and deflection. The accuracy of the nonlinear computer program is validated by comparing the analytical results with experimental results available in literature which is found to be in close agreement. Hence, it is inferred that the developed stress-strain models can be used for various design purposes.
Introduction
Engineered Cementitious Composites (ECC) is a cement matrix based composite material which contains micro structurally tailored polymeric fibers such as polyethylene (PE) and polyvinyl alcohol (PVA) in stochastic orientation (Kanda & Li, 1999) . The fiber volume fraction of ECC is typically 2% or less. It is a class of High Performance Fiber Reinforced Cementitious Composites (HPFRCC) which is based on micromechanics. In uni-axial loading, ECC shows ultra-high tensile strain capacity (2%-3%), with multiple microcracks during the inelastic deformation (Kanda & Li, 1999) . ECC exhibits isotropic properties and can be prepared by normal mixing. The ultra-high ductility of ECC is exploited in earthquake resistant structures. Further, ECC can be applied to all kind of flexural and shear elements to carry higher tensile loads. ECC can be applied to all beam-column joints and plastic hinge zones to undergo inelastic deformation by absorbing more energy. Rokugo, Kunieda, Kamada, Fujimoto & Furukawa (2002) investigated the flexural behavior of steel pipes surrounded by ECC and plates made of ECC. This experimental study also used plain mortar, steel fiber reinforced mortar for relative studies. The results of this study have shown that ECC specimens have shown greater ductile performance than other specimens which used plain mortar or steel fiber reinforced mortar. Li & Wang (2002) conducted an experimental investigation on response of Glass Fiber-Reinforced Polymer (GFRP) reinforced ECC beam. This study demonstrated the higher load carrying capacity of ECC in flexure. GFRP reinforced ECC beam have shown better flexural response than GFRP reinforced concrete beam in terms of load carrying capacity and ductility. Moreover, it was also shown that ECC beams exhibit better shear performance than concrete beams with dense steel stirrups which suggests the elimination of the shear reinforcement is possible when concrete matrix is replaced by ECC. Han, Feenstra & Billington (2003) developed a material constitutive model based on total strain method to analyse the structural elements made of ECC. The simulation results showed that implemented model was robust and reasonably accurate in simulating ECC structural components reinforced with steel and fiber-reinforced polymer bars. Li & Lepech (2006) suggested general design assumptions for reinforced ECC structures. They emphasised on the tensile load carrying capacity of ECC during inelastic strain hardening deformation. Assumptions regarding the shape of the tensile stress-strain relation, usable tensile and compressive strains are also addressed. Pan & Yuan (2013) conducted an experimental study on flexural response of FRP reinforced ECC beams and concluded that the FRP reinforced ECC beams show better flexural properties in terms of load carrying capacity, shear resistance, ductility, and damage tolerance compared with FRP reinforced concrete beams.
In the present study, design oriented stress-strain models are developed for ECC both in tension and compression. To understand the robustness of the developed models, an analytical study was carried out on flexural analysis of FRP reinforced ECC beams. To perform this study, associated stress block parameters for newly developed models are also derived and used in the analysis. The robustness of the developed stress-strain models is observed from the results of the present study which is verified against the experimental results available in Li &Wang (2002) and Pan & Yuan (2013) for three different beam specimens.
Research Scope
Ductility is the critical parameter in the design of concrete structures. It is anticipated that, the ECC will give promising properties such as high flexural strength, ultra-high ductility and enhanced durability to the structures. Development of stress-strain models for ECC by incorporating ultra-high ductility is a significant and appropriate step in the analysis and design of ECC structures.
Tensile Stress-Strain Model
Present study has proposed a tensile stress-strain model for ECC based on experimental data obtained from literature. For developing this model, the authors have selected six different experimental tensile stress-strains behaviours (Kanda & Li, 1999) .The proposed tensile stress-strain model (Figure 1 ) is given by equations 1 & 2.
where, 
Compressive Stress-Strain Model
An experimental investigation (Li & Wang, 2002) shows that ECC has high ultimate compressive strain capacity than concrete. A bi-linear compression model proposed by Maalej & Li (1995) gives better understanding about compression behaviour of ECC. With these experimental investigations and existing behaviours, authors have made an attempt to develop an empirical stress-strain model of ECC in compression. The experimental values are taken from the literature (Li & Wang, 2002 , Maalej & Li, 1995 . Since the post-peak behaviour of ECC in uniaxial compression is a sudden drop (up to 40% of its peak strength), the present model is comprised the behaviour only up to peak point. 
Simplified Stress Block Parameters
It was experimentally proved that the pseudo-tensile strain hardening property of ECC will increase the moment carrying capacity and ductility of the section reinforced with FRP bars (Li & Wang, 2002; Yuan & Pan, 2013) . To incorporate the pseudo-tensile strain hardening, it is necessary that the actual stress-strain distribution should be modelled as simple rectangular block. The stress block parameters can be determined by equating the resultant tensile force and its location obtained from stress-strain relation to that obtained by equivalent stress block. Equation 4 expresses the resultant tensile force, while Equation 5 can be used to locate the centroid of resultant tensile force (Figure 3) . 
Robustness of Developed Models
To understand the robustness of the developed stress-strain models and derived stress block parameters, an analytical study was carried out on flexural response of FRP reinforced ECC beams. The following assumptions are made while performing the flexural analysis; 1. behavior of ECC is nonlinear and bilinear in compression and tension, respectively, 2. behavior of FRP bar is linear elastic till rupture, 3. bond between the FRP rods and ECC material is perfect, 4. ECC fails when it reaches the ultimate strain value in compression, 5. FRP bar ruptures when it reaches the rupture strain value, 6. behavior of ECC is modeled as simple rectangular blocks both in compression and tension, respectively. A special purpose nonlinear computer program was developed to predict the analytical load vs. deflection response using MATLAB 7.0.1 (Figure 4) . The load versus deflection response consists of two parts (a) linear response (b) nonlinear response. This computer program is using fundamental linear elastic theory to predict the linear response. The nonlinear response is predicted based on strain controlled approach using equilibrium of forces and compatibility of strain (Singh, 2015) . This program considers tensile strain hardening behavior of ECC and incorporates the tensile load carrying capacity. For a trial strain levels in compression and tension, neutral axis depth and forces are evaluated. If tensile and compressive forces satisfy the force equilibrium equation, then the assumed strains and corresponding neutral axis depth are correct and used for curvature prediction. The midspan deflection of the beam is computed by numerical integration of the curvature of the beam along its length. Analytical flexural load vs. deflection response has been evaluated for three different beam specimens and compared with experimental results obtained from literature (Li & Wang, 2002; Pan & Yuan, 2013) . Complete details about the material characteristics and test setup of the experimental program of Li & Wang (2002) and Pan & Yuan (2013) with which analytical results are compared are discussed below. 
Material Properties
The FRP reinforcing bars used in literature are Glass FRP (GFRP) and Basalt FRP (BFRP) rods. The reinforcing bar has spiral-wrapped glass fiber braid to provide lateral confinement, and a coarse silica sand-coated surface to enhance bonding with the ECC mix. The mechanical and design properties of the GFRP and BFRP rods are given in Table 1 . The mechanical and design properties of ECC matrix in uniaxial tension and in uniaxial compression are given in Table 2  and Table 3 , respectively. 
Test Specimens
The experimental study conducted by Li & Wang (2002) and Pan & Yuan (2013) tested many RC beams with various combinations. Since the present study deals with flexural behavior of FRP reinforced ECC beams, details are given for three beam specimens. Beam specimens are chosen with actual reinforcement ratio 1.05 % to 2.73 % covering all failure modes such as tension and compression failure. GRE16-3R and GRE16 are beam specimens chosen from Li & Wang (2002) . Beam specimen BRE 20 is chosen from Pan & Yuan (2013) . Summary of the beam specimens are shown Table 4 . 
Test Procedure
All the three beams were tested for zero to ultimate load and were subjected to one cycle of the loading process. The loading pattern is two point loading. The distance between the two loading points is 242 and 350 mm in the study of Li & Wang (2002) and Pan & Yuan (2012) , respectively.
Load vs. Deflection Curves
Further, using developed computer program, load vs. midspan deflection behavior is plotted for all the three beam specimens. Since GRE 16 failed in flexural tension (during the experiment), the curtailment of the simulation is governed by rupture strain of GFRP bars. In the case of GRE 16-3R and BRE 20 beams failed in flexural compression, the curtailment of simulation is governed by the ultimate flexural compressive strain. In general, for all the three beams, the analytical load vs. deflection response is in close agreement with the experimental response as shown in Figures 5, 6 & 7. The results of the comparative study are given in Table 5 . For the beam GRE 16, the difference is 11.6% and 1.6% in the case of load capacity and deflection, respectively. For the beam GRE 16-3R, the difference is 2.5% and 11% in the case of load capacity and deflection, respectively. For the beam BRE 20, the difference is 2.34 % and 2.56%, in the case of load capacity and deflection, respectively. 
Conclusions
Based on the present investigation on FRP reinforced ECC beams, the following conclusions can be drawn:
(1) New design oriented stress-strain relationships are developed for ECC in tension and compression. The simplified stress block parameters which are derived from the developed stress-strain models are producing close agreement against experimental flexural response.
(2) Close agreement between analytical and experimental result for three different beam specimens shows the robustness of the developed stress-strain models.
(3) Hence, it is inferred that the developed stress-train models can be used for various analysis and design of ECC structural elements.
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